Activation of mast cells by aggregation of the high-affinity IgE receptors (Fc«RI) initiates signaling events leading to the release of inflammatory and allergic mediators stored in cytoplasmic granules. A key role in this process play changes in concentrations of intracellular Ca 2+ controlled by store-operated Ca 2+ entry (SOCE). Although microtubules are also involved in the process leading to degranulation, the molecular mechanisms that control microtubule rearrangement during activation are largely unknown. In this study, we report that activation of bone marrow-derived mast cells (BMMCs) induced by Fc«RI aggregation or treatment with pervanadate or thapsigargin results in generation of protrusions containing microtubules (microtubule protrusions). Formation of these protrusions depended on the influx of extracellular Ca 2+ . Changes in cytosolic Ca 2+ concentration also affected microtubule plus-end dynamics detected by microtubule plus-end tracking protein EB1. Experiments with knockdown or reexpression of STIM1, the key regulator of SOCE, confirmed the important role of STIM1 in the formation of microtubule protrusions. Although STIM1 in activated cells formed puncta associated with microtubules in protrusions, relocation of STIM1 to a close proximity of cell membrane was independent of growing microtubules. In accordance with the inhibition of Ag-induced Ca 2+ response and decreased formation of microtubule protrusions in BMMCs with reduced STIM1, the cells also exhibited impaired chemotactic response to Ag. We propose that rearrangement of microtubules in activated mast cells depends on STIM1-induced SOCE, and that Ca M ast cells play a pivotal role in innate immunity, allergy, and inflammation; they express plasma membraneassociated FcεRIs, the aggregation of which by multivalent Ag-IgE complexes triggers mast cell activation resulting in the degranulation and release of inflammatory mediators such as histamine, proteases, lipid mediators, and cytokines. The first defined step in FcεRI signaling is tyrosine phosphorylation of the FcεRI b and g subunits by Src family kinase Lyn. This step is followed by enhanced activity of Syk kinase and phosphorylation of transmembrane adaptor linker for activation of T cells. Phosphorylated linker for activation of T cells is an anchor site for phospholipase Cg. After membrane anchoring and activation, phospholipase Cg produces inositol 1,4,5,-triphosphate that binds to its receptors in the endoplasmic reticulum (ER). This results in Ca 2+ efflux from the ER (1) . Subsequently, depletion of Ca 2+ from ER lumen induces Ca 2+ influx across the plasma membrane through store-operated Ca 2+ channels (SOCs). The influx leads to enhancement of free cytoplasmic Ca 2+ concentration, a step that is substantial in further signaling events. The store-operated Ca 2+ entry (SOCE) is also important for the replenishment of intracellular stores by means of sarcoendoplasmatic reticulum Ca 2+ -ATPase (SERCA) pumps located in the ER membrane (2, 3) .
The stromal interacting molecule 1 (STIM1) is a pivotal component of the SOCE pathway (4, 5) . It represents the Ca 2+ sensor responsible for communicating the depleted state of intracellular Ca 2+ compartments to SOCs. In quiescent cells with ER filled with Ca 2+ , STIM1 is distributed homogenously throughout the ER (6), but relocates upon release of Ca 2+ from ER stores to distinct puncta on the ER in close proximity to the plasma membrane (5) . Aggregated STIM1 activates members of the Orai family of SOCs, resulting in the opening of the plasma membrane Ca 2+ channels and Ca 2+ influx into the cell (7) ; in this way STIM1 serves as a major regulator of SOCE.
STIM1 is a microtubule-tracking protein (8, 9) and interacts with the end-binding protein 1 (EB1) that associates with the tips of growing microtubules (10, 11) . Although microtubules are necessary for positioning of membrane-enclosed organelles in-cluding ER (12) , the role of microtubules in regulating SOCE is not fully understood. Whereas inhibition of microtubule dynamics by taxol, a microtubule stabilizer, or by knockdown (KD) of EB1 had no significant effect on SOCE (11), Ca 2+ influx in different cell types was inhibited by microtubule depolymerizing drug nocodazole (13, 14) . It has been suggested that microtubules play a facilitative role in SOCE signaling pathway by optimizing the localization of STIM1 (15) .
Microtubules are involved in mast cell degranulation, because the movement of secretory granules depends on intact microtubules (16, 17) . This finding is supported by demonstrations that agents inhibiting tubulin polymerization also suppress degranulation (18) (19) (20) . Importantly, FcεRI aggregation triggers reorganization of microtubules and their concentration in cell periphery (17, 21) . It has also been reported that translocation of granules along microtubules to plasma membranes occurred independently of Ca 2+ , whereas the release of mediators and granule-plasma membrane fusion were dependent on Ca 2+ (17) . Although these data confirm that a microtubule network is required for mast cell degranulation, our understanding of the mechanisms responsible for microtubule formation in bone marrow-derived mast cells (BMMCs) during activation events is still limited.
In this study, we investigated the interplay between Ca 2+ signaling and changes in microtubule distribution in the course of BMMC activation. Our results indicate that microtubules in activated cells are in protrusions that depend on STIM1 activity and Ca 2+ influx. Whereas microtubules are not necessary for the relocation of STIM1 to puncta in close proximity to the plasma membrane in activated cells, changes in the concentration of cytoplasmic Ca 2 affect microtubule plus-end dynamics and result in dramatic modifications in cell physiology documented by chemotactic response. The results support the concept of a tight crosstalk between microtubular network and Ca 2+ signaling machinery in the course of mast cell activation.
Materials and Methods

Reagents
Fibronectin, nocodazole, thapsigargin, probenecid, DNP-albumin, and DNPlysine were acquired from Sigma-Aldrich (St. Louis, MO). Src-family selective tyrosine kinase inhibitor PP2 and the negative control, PP3, were obtained from Calbiochem (Darmstadt, Germany). Fluo 3-AM, Fura Red-AM, 4-methylumbelliferyl b-D-glucuronide, and Lipofectamine 2000 were purchased from Invitrogen (Carlsbad, CA), and puromycin was acquired from InvivoGen (San Diego, CA). IL-3 and stem cell factor (SCF) were from PeproTech (Rocky Hill, NJ). Restriction enzymes were bought from New England Biolabs (Ipswich, MA). SuperSignal WestPico Chemiluminescent reagents were bought from Pierce (Rockford, IL).
Abs
Mouse mAb PY-20 (IgG 2b ) labeled with HRP and anti-STIM1(GOK) mAb (IgG 2a ) were acquired from BD Biosciences (San Jose, CA). Rabbit Ab to a-tubulin was acquired from GeneTex (Irvine, CA). Rabbit Ab to actin, mAb TUB 2.1 (IgG 1 ) to b-tubulin labeled with indocarbocyanate (Cy3) and mAb SPE-7 (IgE) specific for DNP were acquired from SigmaAldrich. Anti-mouse and anti-rabbit Abs conjugated with HRP were purchased from Promega Biotec (Madison, WI), Alexa Fluor 488-conjugated anti-rabbit IgG Ab was acquired from Invitrogen (Carlsbad, CA), and FITC-conjugated anti-mouse IgG cross-reacting with mouse IgE were acquired from Jackson ImmunoResearch Laboratories (West Grove, PA).
To prepare mouse mAb specific for STIM1, 29-aa oligopeptide DNGSIGEETDSSPGRKKFPLKIFKKPLKK corresponding to the mouse STIM1 sequence 657-685 from the C-terminal end of the molecule (22) was synthesized by Clonestar Peptide Service (Brno, Czech Republic). A cysteine had been added to the N terminus of the peptide to allow oriented covalent coupling to the carrier proteins, maleimide-activated keyhole limpet hemocyanin, or BSA (Imject Activated Immunogen Conjugation Kit, Pierce, Rockford, IL), according to the manufacturer's directions. BALB/c mice were immunized with the peptide-keyhole limpet hemocyanin conjugate, and sera were monitored for Ab activity by ELISA on peptide-BSA conjugate as described (23) . Fusion of splenocytes with mouse myeloma cells Sp2/0, screening by ELISA, cloning and production of ascitic fluids in BALB/c mice have been described previously (24) . The subclasses of mAbs were identified by ISO1 isotyping kit (Sigma-Aldrich). The selected hybridoma cell line ST-01 produced Ab of the IgG 1 class.
Cell cultures and transfection
Bone marrow cells were isolated from the femurs and tibias of 6-8-wk-old BALB/c mice. All mice were maintained and used in accordance with the Institute of Molecular Genetics guidelines. The cells were differentiated in suspension cultures in freshly prepared culture medium (IMDM supplemented with antibiotics [100 U/ml penicillin, 100 mg/ml streptomycin] 10% FCS, 35 mM 2-ME, IL-3 [36 ng/ml] and SCF [36 ng/ml]). Cells were grown at 37˚C in 10% CO 2 in air and passaged every 2-3 d. After 6-8 wk, ∼99% of cells were identified as mast cells, expressing FcεRI and c-Kit as detected by flow cytometry. BMMCs isolated from at least three mice were used for each experiment.
Mouse BMMC line (BMMCL) was by M. Hibbs (Ludwig Institute for Cancer Research, Melbourne, Australia). In this study, the cells are denoted as BMMCL and were cultured in freshly prepared culture medium (RPMI 1640 supplemented with 20 mM HEPES, pH 7.5, 100 U/ml penicillin, 100 mg/ml streptomycin, 100 mM MEM nonessential amino acids, 1 mM sodium pyruvate, 10% FCS, and 10% WEHI-3 cell supernatant as a source of IL-3). Cells were grown at 37˚C in 5% CO 2 in air and passaged every 2 d.
HEK 293FT packaging cells (Invitrogen) were grown at 37˚C in 5% CO 2 in DMEM supplemented with 10% FCS and antibiotics. The cells used for lentivirus production were at passage 4-15.
BMMCL cells were transfected with DNA constructs by nucleofection using Mouse Macrophage Kit and program Y-001 on Amaxa Nucleofector II (Lonza Cologne AG, Cologne, Germany) according to the manufacturer's instructions. After nucleofection, cells were transferred into culture media supplemented with IL-3 and cultured for 24-48 h before analysis.
DNA constructs
Full-length human STIM1 cloned into pDS_XB-YFP vector (pYFPhSTIM1) was provided by Dr. T. Meyer (5). The signal-peptide region (22) , sequence 1-23 aa, of STIM1 was recloned from this vector into pmCherry_N1 from Clontech Laboratories (Mountain View, CA) upstream of mCherry, using EcoRI and AgeI restriction sites. The remaining part of STIM1 was recloned downstream of mCherry into the BsrGI site. The construct was verified by DNA sequencing. Expression plasmid coding mouse EB1 fused with GFP (pEB1-GFP) was obtained from Dr. Y. Mimori-Kiyosue (25) . Expression plasmid coding human EB3 fused with mRFP1 (26) was obtained from Dr. A. Akhmanova (11) .
Lentivirus short hairpin RNAs and virus transduction
A set of five murine STIM1 (GenBank accession number: NM_ 009287) short hairpin RNA (shRNA) constructs cloned into the pLKO.1 vector (TRCN0000175139, TRCN0000175008, TRCN0000193877, TRCN0000-193400, and TRCN0000173765) were purchased from Open Biosystems (Huntsville, AL). Aliquots of 1.4 ml Opti-MEM medium (Invitrogen) were mixed with 21 ml ViraPower Lentiviral Packaging Mix (Invitrogen), 14 mg STIM1 shRNA constructs, and 82 ml Lipofectamine 2000. The mixture was incubated for 20 min at room temperature before it was added to semiconfluent HEK-293FT packaging cells in a 150-cm 2 tissue-culture flask. After 3 d, viruses in culture supernatants were concentrated by centrifugation at 25,000 rpm for 2 h using a JA-25.50 rotor (Beckman Coulter, Palo Alto, CA). The pellets were resuspended in 1 ml of culture medium and added to 29 ml of medium, supplemented with 5 mg/ml puromycin containing 5 3 10 7 BMMCs or BMMCL cells. Stable selection was achieved by culturing cells for 1 wk in the presence of puromycin. Cells were pooled and analyzed for STIM1 expression by immunoblotting. Cells with the highest reduction of STIM1 protein, obtained with TRCN0000175008 (KD1) and TRCN0000193400 (KD2), were selected for additional experiments. Cells transfected with empty pLKO.1 vector were used as negative controls.
Cell activation
Cells at a concentration of 6 3 10 6 cells/ml were sensitized for 2 h at 37˚C in IL-3-and SCF-free culture medium supplemented with DNP-specific IgE mAb (SPE-7; 1 mg/ml). The cells were then washed in buffered saline solution (BSS; 20 mM HEPES, pH 7.4, 135 mM NaCl, 5 mM KCl, 1.8 mM CaCl 2 , 5.6 mM glucose, 2 mM MgCl 2 ), supplemented with 0.1% BSA (BSS-BSA), and challenged with various concentrations of Ag (DNPalbumin; 30-40 mol of DNP per mole of albumin) or thapsigargin.
For immunofluorescence experiments, cells at a concentration of 6 3 10 IgE (1 mg/ml) and diluted to a concentration of 1.5 3 10 6 cells/ml. The suspension (1 ml) was then overlaid on fibronectin-coated coverslips (immersed for 1 h at 37˚C in 50 mg/ml fibronectin in 50 mM NaHCO 3 and rinsed in PBS) placed in a 3.5-cm tissue culture dish. Cells were allowed to attach for 1 h at 37˚C, washed in BSS-BSA, and challenged for 3-5 min with Ag (DNP-albumin) at a final concentration of 100 ng/ml. To determine the time course of activation, cells were challenged with Ag for 1-10 min. For dose response curve construction, the concentration of Ag ranged from 10 to 1000 ng/ml.
Alternatively, cells were activated by pervanadate or thapsigargin, in which case the sensitization step was omitted. Pervanadate solution was prepared fresh by mixing sodium orthovanadate solution with hydrogen peroxide to get a final concentration (10 mM) of both components. The pervanadate solution was incubated for 15 min at room temperature and then diluted 1:100 in BSS-BSA. Attached cells were incubated with pervanadate solution for 15 min at 37˚C. Cells were also incubated for 20 min with BSS-BSA containing 2 mM thapsigargin. To determine the time course of activation, cells were activated with thapsigargin for 5-20 min. Dose response measurements were done at thapsigargin concentrations ranging from 0.01 to 2 mM. In some experiments, [Ca 2+ ]-free BSS was used. Trypan blue exclusion test was used to evaluate the effect of pervanadate and thapsigargin on viability of cells.
To depolymerize microtubules, cells were treated for 1 h at 37˚C with 10 mM nocodazole and activated with pervanadate or thapsigargin in the presence of nocodazole. To inhibit the activity of Src family kinases, IgEsensitized cells were pretreated for 60 min with Src family selective tyrosine kinase inhibitor PP2 at a concentration of 10 mM before incubation with DNP-albumin. Cells treated for 60 min with 10 mM PP3 were used as controls.
Flow cytometry analysis of Fc«RI
To determine the surface FcεRI expression, cells (5 3 10 5 /ml) were exposed for 30 min on ice to 1 mg/ml anti-DNP IgE followed by 30 min incubation with FITC-conjugated anti-mouse Ab (cross-reacting with mouse IgE). After incubation the cells were washed in ice-cold BSS-BSA. Mean fluorescence intensities were determined in the FL1 channel of FACSCalibur (BD Biosciences, Mountain View, CA).
Degranulation assay
The degree of degranulation was quantified as the release of b-glucuronidase from anti-DNP IgE-sensitized and DNP-albumin or thapsigarginactivated cells, using 4-methylumbelliferyl b-D-glucuronide as a substrate (27) . The total content of the enzyme was evaluated in supernatants from cells lysed by 0.1% Triton X-100. ] i ) were determined using Fluo3 as a reporter. Cells were sensitized with anti-DNP IgE (1 mg/ ml) at 37˚C in culture medium supplemented with 10% FCS, but devoid of SCF and IL-3. After 4 h, the cells were washed and resuspended at a concentration of 1 3 10 7 cells/ml in the same medium supplemented with Fluo3 and probenecid at final concentrations of 1 mg/ml and 2.5 mM, respectively. After 30 min, the cells were washed in BSS-BSA supplemented with probenecid and put on ice for 10 min. Before measurement, the cells (5 3 10 5 ) were briefly centrifuged, resuspended in 200 ml BSS-BSA, and preincubated for 4 min at 37˚C. Cells were activated by adding 100 ng/ml DNP-albumin or 2 mM thapsigargin. Calcium mobilization was determined in the FL1 channel of a FACSCalibur Flow Cytometer (BD Biosciences, San Jose, CA) using FlowJo software (Ashland, OR). In the yellow fluorescent protein (YFP)-hSTIM1 rescue experiments, calcium responses were measured 48 h after nucleofection. STIM1 KD cells nucleofected with pYFP alone (Clontech Laboratories, Mountain View, CA) were used as a mock control. The experimental procedure was similar to that described above with some differences. Cells were loaded with the calcium reporter Fura Red (5 mg/ml), and changes in fluorescence intensity were monitored on an LSRII flow cytometer (BD Biosciences). Populations of live cells were selected based on forward and side scatters. In live nucleofected cells, YFP-positive cells were gated based on fluorescence in the FL1 channel. Fura Red was excited with 406-and 488-nm lasers, and data were collected separately using 675/45 BP and 675/20 BP filters, respectively.
Determination of intracellular
Uptake of extracellular calcium was determined as described previously (28) . Cells were sensitized with anti-DNP IgE (1 mg/ml) and activated for various time intervals with 100 ng/ml DNP-albumin or 2 mM thapsigargin in the presence of extracellular 45 Ca 2+ (1 mM). Cell-bound radioactivity was measured in 10 ml scintillation liquid (EcoLite; ICN Biomedicals, Costa Mesa, CA) using a QuantaSmart TM counter.
Chemotaxis assay
Chemotactic responses of BMMCs were examined using 96-well chemotaxis plates (ChemoTx system; Neuro Probe, Gaithersburg, MD) with 8-mm pore size polycarbonate filters. Chemoatractant (DNP-BSA) at concentrations of 50-250 ng/ml in RPMI 1640 supplemented with 20 mM HEPES and 1% BSA (assay buffer), or assay buffer alone was added in 305 ml to the lower wells, and IgE-sensitized BMMCs (0.15 3 10 6 ) in 60-ml assay buffer were added on top of the membrane above each well. After 8 h incubation at 37˚C and 5% CO 2 in humidified air, cells on the upper membrane surface were removed with suction, and the plates with membrane frames were centrifuged (156 3 g, 4 min). After centrifugation, 200 ml media above the cells was removed and 100 ml of water containing 0.1% Triton X-100 and 10 mM SYTOX Green nucleic acid stain (Invitrogen) was added to the well. Fluorescence was determined at 485-nm excitation and 530-nm emission, using TECAN Infinite M200 fluorescence microplate reader (Grödig, Austria). A linear standard curve with serial dilutions of the cells (400-50,000 cells) was included in each experiment to equate fluorescence intensity with cell number. Four independent experiments were run in triplicates.
Gel electrophoresis and immunoblotting
Whole-cell extracts were prepared by washing the cells in cold PBS, solubilizing them in hot SDS-sample buffer (29) , and boiling for 5 min. SDS-PAGE on 7.5% gels, electrophoretic transfer of separated proteins onto nitrocellulose, and details of the immunostaining procedure have been described elsewhere (30) . Abs against STIM1 and actin were diluted 1:2000 and 1:3000, respectively. Bound primary Abs were detected after incubation of the blots with HRP-conjugated secondary Ab diluted 1:10,000. Phosphotyrosine was detected by PY-20-HRP conjugate (dilution 1:2000). HRP signal was detected with chemiluminescence reagents in accordance with the manufacturer's directions and quantified using LAS 3000 imaging system (Fujifilm, Tokyo, Japan).
Immunofluorescence microscopy
Immunofluorescence microscopy was performed on fixed cells as described previously (31) . Cells attached to fibronectin-coated coverslips were rinsed with microtubule-stabilizing buffer (0.1 M MES, pH 6.9, 2 mM EGTA, 2 mM MgCl 2 , 4% polyethylene glycol 6000), fixed for 20 min in 3% formaldehyde in microtubule-stabilizing buffer, and extracted for 4 min with 0.5% Triton X-100 in microtubule-stabilizing buffer. TUB 2.1 mAb conjugated with Cy3 and polyclonal Ab to a-tubulin were diluted 1:600 and 1:200, respectively. AlexaFluor 488-conjugated anti-rabbit Ab was diluted 1:300. The preparations were mounted in MOWIOL 4-88 (Merck, Darmstadt, Germany), supplemented with DAPI to label nuclei, and examined with an Olympus A70 Provis microscope equipped with 360 water-immersion or 3100 oil-immersion objectives. Images were recorded with a SensiCam cooled CCD camera (PCO IMAGING, Kelheim, Germany). Conjugated secondary Ab did not give any detectable staining.
Alternatively, samples were examined with a confocal laser scanning microscope Leica TCS SP5 equipped with an 363/1.4.N.A. oil-immersion objective. Excitation and emission wavelengths were 561 nm and 566 to 633 nm for Cy3 (diode pumped solid-state laser). Optical sections were acquired in 125-nm steps, and z-series were made from 70 sections. Deconvolution and rotation was performed using Huygens Deconvolution Software (Scientific Volume Imaging, Hilversum, The Netherlands).
To estimate the number of cells that responded to activation events by generation of microtubule protrusions, three independent immunofluorescence experiments were performed. In each experiment usually 500 cells were examined, and cells with five and more microtubule protrusions after activation were counted up. These protrusions were not discernible in nonactivated cells. Statistical comparison of data was conducted with Student t test.
inserted (Warner Instruments, Hamden, CT; model RC-37F), and cells were washed and subsequently incubated in RPMI medium for live cell imaging (RPMI 1640 without phenol red, riboflavin, folic acid, pyridoxal, Fe[NO 3 ] 3 ) supplemented with 20 mM HEPES. Cells were imaged on the Leica AM total internal reflection fluorescence (TIRF) MC (Leica Microsystems) at 37˚C. Time-lapse sequences of EB1-GFP or YFP-hSTIM1 were acquired in TIRF mode (GFP cube, laser line 488 nm; Ex, 470/40; Em, 525/50; penetration depth, 150 nm) using HCX PL APO 3100/1.46 NA oil-immersion TIRF objective. Images were taken for 3 min at 1-s intervals with 30-40% laser power and exposure times ranging from 500-800 ms. Time-lapse sequences of EB3-mRFP1 in combination with YFPhSTIM1 were acquired in TIRF mode (laser lines 561 nm or 488 nm, Em: 640/40 or 530/30, respectively; the same penetration depth 150 nm for both channels) using the same objective as above. Individual channels were imaged sequentially. Images were taken for 3 min at 2-s intervals with 50-80% (561 nm) or 30-40% (488 nm) laser power and exposure times ranging from 500-800 ms. Cells were scanned before, during, and after thapsigargin or nocodazole addition to final concentrations of 2 mM and 10 mM, respectively.
Time-lapse sequences were adjusted and analyzed with a particle tracking plug-in written in house. The images were smoothed to remove noise (s 80 nm). The particles were then enhanced by subtracting the images obtained by Gaussian smoothing (s 300 nm). The coordinates of particles were detected as centers of mass of maxima of the image intensity found by morphologic reconstruction (32) . Regions of pixels with distance less than 3 mm from cell boundary were detected by thresholding the Euclidean distance transform (33) of the cell binary image. Only the particles in the selected region were evaluated. The corresponding particles in subsequent images were detected by pairing the closest particles, and the particle trajectories were constructed by continuation. The speed of the particles was calculated as the ratio of particle trajectory length and trajectory duration. The histogram of the particles speed was calculated from the trajectory speed weighted by the trajectory duration. The algorithms were implemented as plug-in modules of the Ellipse program, version 2.07 (ViDiTo, Systems, Košice Slovakia). Statistical analysis was done in Microsoft Excel.
Results
Reorganization of microtubules during activation of BMMCs
To compare microtubule organization in resting and activated mast cells, BMMCs were attached to fibronectin-coated coverslips and then activated by various means before fixation and immunofluorescence labeling for b-tubulin. Data showed a clear difference between resting and activated cells in microtubule distribution. Quiescent cells were characterized by rounded morphology and microtubules in cell periphery running predominantly alongside the plasma membrane (Fig. 1A, a, b; 2Ag) . When activated by FcεRI aggregation, many cells had multiple protrusions containing microtubules, in the following text denoted as microtubule protrusions (Fig. 1A, c, d; +Ag) . Similarly, activation by pervanadate, a potent protein tyrosine phosphatase inhibitor (34) that mimics in part the stimulatory effect of Ag (35), gave rise to multiple microtubule protrusions (Fig. 1A, e, f; +Pv) . Surprisingly, generation of robust microtubule protrusions was also found in cells treated with thapsigargin, a compound that discharges intracellular Ca 2+ stores by inhibition of the SERCA (36) (Fig. 1A, g, h; +thapsi-gargin [Tg]). Microtubule protrusions do not reflect only the spreading of cells during activation events, because they are also found on the dorsal side of cells as clearly documented on deconvoluted three-dimensional images from laser scanning confocal microscopy. Although no protrusions were found in resting cells ( Fig. 2A, 2B , -Ag), they were clearly discernible in cells activated by Ag-mediated FcεRI aggregation (Fig. 2C, 2D, +Ag) , pervnadate (Fig. 2E, 2F , +Pv) or thapsigargin (Fig. 2G, 2H, +Tg) . To determine whether the number of cells with protrusions depends on the mode of activation, BMMCs were evaluated for the presence of protrusions in three independent experiments (each included 500 cells). Activation of the cells with Ag, pervanadate, or thapsigargin resulted in 37 6 9, 59 6 8, and 94 6 3% (mean 6 SD; n = 3), respectively, of cells with microtubule protrusions (Fig. 1B) . To prove that the generation of microtubule protrusion is not restricted only to cells of primary cultures, activations were repeated with an established cell line, BMMCL.
In that case the rates of activation with Ag, pervanadate, or thapsigargin were 55 6 10, 64 6 3, and 80 6 5% (mean 6 SD; n = 3), respectively. The microtubule protrusions in cells activated by FcεRI aggregation were most prominent ∼5 min after crosslinking. In contrast, cells stimulated by pervanadate or thapsigargin reached the maximum after 15 and 20 min, respectively. Dose response curves demonstrating the relations between the formation of microtubule protrusions and the degree of degranulation, quantified as the release of b-glucuronidase, in BMMCL activated by FcεRI aggregation for 5 min and by thapsigargin for 20 min are shown in Supplemental Fig. 1A and 1B, respectively. There were dose response correlations between formation of microtubule protrusions and degranulation. Correlations between the time course of microtubule protrusion formation and the degree of degranulation after activation by FcεRI aggregation at Ag concentration 100 ng/ml and by thapsigargin at concentration 2 mM are shown in Supplemental Fig. 1C and 1D , respectively. Although there was a correlation between morphologic changes and degranulation in case of thapsigargin activation, cells activated by Ag reached the maximum of microtubule protrusions at 5 min, whereas the increase in b-glucuronidase release persisted to 10 min. Activation by either pervanadate or thapsigargin had no effect on viability of the cells (not shown). When the cells were pretreated with microtubule inhibitor nocodazole and activated in its presence, protrusions were not formed (not shown). This implies that microtubules are essential in this process.
Formation of microtubule protrusions in FcεRI-activated cells was substantially reduced if a monovalent hapten causing receptor disengagement (50 mM DNP-lysine) (37) was added together with or 1 min after Ag (not shown). Inhibition of protrusion formations was also observed in IgE-sensitized cells pretreated for 60 min with Src family inhibitor PP2 (10 mM) and then activated by Ag. Pretreatment with PP3 (negative control for PP2) failed to affect protrusion formation (not shown). This finding suggests that the activity of Src family protein tyrosine kinases is essential for this process. Interestingly, when the cells were activated by FcεRI aggregation, pervanadate, or thapsigargin in Ca 2+ -free media, microtubule protrusions were basically not detectable. A typical example of the effect of extracellular Ca 2+ on generation of microtubule protrusions in cells after their activation by FcεRI aggregation is shown in Fig. 3A . Statistical evaluation of these and other experiments is documented by histogram (Fig. 3B) . Collectively, these data suggest that dramatic changes in microtubule arrangement during activation of BMMCs by FcεRI aggregation depend on the activity of Src family kinases and are modulated by Ca 2+ influx.
Changes of microtubule dynamics in activated cells
Microtubule plus-end dynamics in BMMCL cells expressing EB1-GFP was monitored by means of time-lapse imaging using TIRF microscopy (TIRFM). Cells were activated or not by thapsigargin, and the distribution of growing microtubules in cell periphery was evaluated after collecting 180 frames in 1-s intervals for 3 min total time. In activated cells, time-lapse imaging started 13 min after thapsigargin addition. Data from a typical experiment are shown in Fig. 4A . A comparison of single-frame or 20-frame projections obtained either from control (Fig. 4A , a, b; -Tg) or thapsigargin-activated (Fig 4A, c, d ; + Tg) cell indicated more growing microtubules in cell periphery of the latter. This finding was confirmed by statistical data evaluation and documented with (Fig. 4B) . Typical time-lapse imaging of control (Supplemental Video 1) and activated (Supplemental Video 2) cells are shown in the supplemental material. These data suggest that activation increases the number of growing microtubules in the cell periphery where microtubule protrusions are formed. More growing microtubules at cell periphery, compared with nonactivated cells, were also observed after activation of cells by FcεRI aggregation (Supplemental Fig. 2 ).
Reduced degranulation, Ca
2+ influx, and free cytoplasmic Ca STIM1 represents the key regulator in the SOCE pathway leading to an influx of extracellular Ca 2+ . To discover whether STIM1 is involved in the generation of microtubule protrusion, we first isolated cells with reduced levels of STIM1 and characterized their properties. STIM1-deficient cells were produced in both BMMCs and BMMCL cells using lentiviral vectors. At the best silencing, the amount of STIM1 in BMMCs and BMMCL cells reached 20 6 12% and 10 6 9% (means 6 SD; n = 5-8), respectively, when compared with the expression level in control cells with an empty pLKO.1 vector. A typical immunoblotting experiment is shown in Fig. 5A , and evaluation of all data obtained is shown in Fig. 5B . Cells with the highest STIM1 reduction (denoted KD2) were selected for further experiments. As detected by flow cytometry, the expression levels of surface FcεRI were similar in cells with normal and reduced amount of STIM1 (not shown). No substantial changes in the profile of total tyrosine-phosphorylated proteins were detected in STIM1 KD2 cells (not shown).
It is well established that an increase in [Ca 2+ ] i is a prerequisite for mast cell degranulation (1) . To confirm the functional relevance of STIM1 KD, we determined the degree of degranulation by measuring the release of b-glucuronidase in cells activated by FcεRI aggregation or by thapsigargin. As expected, a substantial decrease in degranulation was observed in BMMCs with STIM1 KD compared with control cells. The inhibition of degranulation was observed in cells activated by both FcεRI aggregation (Supplemental Fig. 3A ) and by thapsigargin ( Supplemental Fig. 3B ). The uptake of 45 
Ca
2+ after activation by FcεRI aggregation (Supplemental Fig. 3C ) or by thapsigargin (Supplemental Fig. 3D ) was also inhibited in STIM1 KD cells. Finally, a substantially lower concentration of free intracellular calcium [Ca 2+ ] i was detected in STIM1 KD cells, after activation by both FcεRI aggregation (Supplemental Fig. 3E ) and thapsigargin (Supplemental Fig. 3F; thapsigargin) . Similar results were obtained with BMMCL cells (not shown). Collectively, these data clearly demonstrate that STIM1 is essential for Ca 2+ mobilization and degranulation in cells used in this study.
Generation of microtubule protrusions is dependent on STIM1
When BMMCs carrying empty pLKO.1 vector were activated with thapsigargin, the formation of microtubule protrusions was prominent (Fig. 6A, a, c ; control + Tg) and essentially the same as in BMMCs without vector (not shown). Alternatively, thapsigargininduced activation in BMMCs with STIM1 KD failed to generate microtubule protrusions, and the cell shape was spherical (Fig. 6A,  b, d ; STIM1 KD + Tg). Significant inhibition of protrusion formations in STIM1 KD cells was also found after stimulation with pervanadate or Ag in both BMMCs and BMMCL cells (Fig. 6B) . No obvious change in microtubule dynamics was detected by time-lapse imaging in BMMCL cells with STIM1 KD after activation by thapsigargin. Data from a typical experiment of timelapse imaging are shown in Fig. 7A . Comparison of still images (single frame or 20 frames projections) from nonactivated ( Fig.  7A, a, b ; STIM1 KD -Tg) or activated (Fig 7A, c, d ; STIM1 KD + Tg) cells disproved the notion that more microtubules grow in the cell periphery of activated cells. This finding was confirmed by the histogram comparing microtubule growth rates (Fig 7B) . Although thapsigargin-activated cells exhibited some increase in the number of growing microtubules in the cell periphery, it was insignificant except for the fast-growing group (27 mm/min). In control BMMCL cells carrying empty pLKO.1 vector, the distribution of growing microtubules in resting and thapsigargin-treated cells was similar as in BMMCL cells (Fig. 4) .
To strengthen the evidence of STIM1-dependent formation of microtubule protrusions during activation, a rescue experiment was performed with construct-encoding mCherry-tagged human STIM1. Proper localization of mCherry-hSTIM1 was demonstrated in cells expressing EB1-GFP. It has been shown previously that STIM1 associates with the plus ends of growing microtubules (11); in addition, the mCherry-hSTIM1 localized in quiescent cells both in the ER and in the growing ends of microtubules labeled with EB1 (Fig. 8A, a-c) . When BMMCL cells with STIM1 KD were nucleofected with mCherry-hSTIM1 and activated by thapsigargin, the formation of typical microtubule protrusions was recovered (Fig. 8B, a-c) . Alternatively, no protrusions were generated after activation of cells nucleofected with empty mCherry vector (Fig. 8B, d-f) . Control experiments revealed that no microtubule protrusions were evident in nonactivated BMMCL cells nucleofected either with mCherry-hSTIM1 or mCherry vector alone (not shown). The formation of microtubule protrusions was also recovered when YFP-hSTIM1 was used in rescue experiments as documented by quantitative data (Fig. 8C) . Nucleofection of YFPhSTIM1 into STIM1 KD2 cells also restored calcium mobilization upon triggering with thapsigargin (Fig. 8D) or aggregation of the FcεRI (not shown). Collectively, these data strongly suggest that STIM1 is essential for the generation of microtubule protrusions during activation of BMMCs.
Microtubules are not essential for STIM1 puncta formation
To address the question of whether microtubules in BMMCs have a role in activating SOCE, we investigated the effect of nocodazole, a microtubule-depolymerizing drug, on the distribution of STIM1 in the absence or presence of thapsigargin. In control cells, a typical comet-like movement was observed in quiescent BMMCs expressing YFP-hSTIM1 (Supplemental Video 3). After activation by thapsigargin, STIM1 formed puncta (Supplemental Video 4) similar to those previously described in other cells (5, 15) . The addition of 10 mM nocodazole led to the rapid disappearance of comet-like movement of YFP-hSTIM1 as well as EB3-mRFP1, used as marker of growing microtubules. YFP-hSTIM1 was located only on the ER. When the nocodazole-treated cells were then activated with thapsigargin, YFP-hSTIM1 formed robust puncta (Supplemental Video 5). Staining of parallel samples for tubulin confirmed that most microtubules were disassembled (not shown). This finding suggests that initial STIM1 aggregation does not require intact microtubules. Interestingly, the disruption of microtubules only moderately inhibited the 45 Ca 2+ uptake in thapsigargin-activated cells (Fig. 9A ), but degranulation was substantially reduced (Fig. 9B ).
STIM1 associates with microtubule protrusions and plays a role in chemotactic response
The movement of YFP-hSTIM1, not associated with growing tips of microtubules, was observable at later stages of activation when microtubule protrusions started to form. Association of YFPhSTIM1 with microtubule protrusions was evident in thapsigarginactivated BMMCs and was detectable by confocal microscopy on cells stained for b-tubulin (Fig. 10A, a-c) . Similarly, FcεRI aggregation led to partial association of YFP-hSTIM1 with microtubule protrusions (not shown).
The observed formation of STIM1-dependent microtubule protrusions could be related to enhanced movement of the activated cells. Therefore, in additional experiments, we investigated the chemotactic response of STIM1-deficient BMMCs. The data presented in Fig. 10B indicate that at low concentrations of Ag (25-100 ng/ml), the chemotactic response is contingent on STIM1 in a dosedependent manner. At a higher concentration (250 ng/ml), the difference disappears mainly because of the high-dose-mediated inhibition of chemotaxis in control cells. This finding demonstrates that STIM1-dependent Ca 2+ influx promotes chemotaxis.
Discussion
FcεRI stimulation of mast cells leads to rapid cytoskeleton rearrangement that is important for cell activation and degranulation. Accumulating recent data point to an important role of microtubules in these processes (38) . Previous studies focused primarily on the role of microtubules in granular transport (13, 16, 17, 20) or on the initial stages of SOCE signaling pathway (13, 15, 39) . In this study, we show that microtubule network rearrangement in activated BMMCs and formation of microtubule protrusions is dependent on the activity of Ca 2+ sensor STIM1. This conclusion is supported by several lines of evidence. First, microtubule protrusions were found in cells stimulated by three types of activators that induced depletion of Ca 2+ from internal stores (FcεRI aggregation, pervanadate, or thapsigargin treatment). Second, the generation of protrusions was impaired when multivalent Ag- induced FcεRI aggregation and signaling were inhibited either by monovalent hapten or by Src family specific inhibitor; this implies that early, physiologically relevant signaling events leading to STIM1 aggregation are important for microtubule rearrangement. Third, the formation of protrusions was also inhibited in cells with a decreased level of STIM1 and with correspondingly diminished influx of extracellular Ca 2+ . Fourth, microtubule protrusions were restored in STIM1 KD cells after the introduction of hSTIM1. Finally, microtubule protrusions were not observed in cells activated in Ca 2+ -free media. Thus, STIM1-regulated Ca 2+ influx plays a crucial role in the generation of microtubule protrusions.
We have shown previously that, compared with resting cells, FcεRI-or pervanadate-induced activation of BMMCs attached to poly-L-lysine-coated coverslips resulted in more intense staining of microtubules. However, no obvious microtubule protrusions were detected (21) . Similarly, activation and fixation of BMMCs in suspension followed by attachment to glass slides by cytospin intensified the tubulin immunostaining, but microtubule protrusions were not reported (17) . In this study, the cells were attached to fibronectin before activation, resembling more closely the natural conditions in connective tissue where mast cells are congregated (40) . Although the attachment of BMMCs to fibronectin alone did not generate microtubule protrusions, they were observable after cell triggering. It is known that engagement of integrins by their ligands activates some signaling pathways that modulate signals originating from other receptors (41) . It has been reported that, when mast cells were activated simultaneously via both FcεRI and integrins, phosphorylation events were prolonged and intensified (42) . Thus, generation of microtubule protrusions could reflect such integrated signals in activated cells.
To discover whether the generation of microtubule protrusions is limited to BMMCs, several other cell types were tested. However, thapsigargin treatment failed to induce formation of protrusions in any other cell type examined, including mouse embryonal fibroblasts 3T3, human osteosarcoma cell line U2OS or human glioblastoma T98G (Z. Hájková, unpublished data). By contrast, in BMMCL cells, which are grown for many years in the absence of SCF, the formation of protrusions was observed after triggering with cell activators (Ag, pervanadate, thapsigargin). The reduction of STIM1 expression both in BMMCs and BMMCL cells had a detrimental impact on the formation of microtubule protrusions. This finding indicates that protrusion formation could be a typical feature of mast cells that are characterized by immediate response to outer stimuli. However, we cannot rule out at present that the generation of microtubule protrusions can also be observable in the other cell types.
Colocalization of ER-embedded STIM1 with microtubules has been described for several cell types, including rat basophilic leukemia RBL-2H3 (8, 9, 15, 43) , and comet-like movement of STIM1 was also reported (11) . Furthermore, STIM1 contains a short sequence (SxIP) responsible for direct binding to EB1 (44) . Thus, STIM1 can associate with growing microtubules, a mechanism that might facilitate the transport of STIM1 to plasma membrane. Using TIRFM we have confirmed the comet-like movement of STIM1 and its association with EB1 in resting BMMCL cells. This movement was substantially reduced after the addition of thapsigargin, which is in agreement with the impaired association of STIM1 with microtubules in Ag-activated RBL-2H3 cells (43) . Recent data on FRET imaging of EB1 and STIM1 in HEK293 cells showed that, upon store depletion of Ca 2+ , STIM1 dissociated from EB1 and associated with SERCA. This process was reversible, because the replenishment of intracellular Ca 2+ stores also restored the STIM1-EB1 interactions (45) . Moreover, no effect on SOCE was observed in HeLa cells with depleted EB1 (11) . Taking these findings together, it is likely that the interaction of STIM1 with EB1 on growing microtubules is not essential for the transport of STIM1 to plasma membrane during mast cell activation.
After depletion of intracellular Ca 2+ stores, STIM1 accumulates into puncta, discrete subregions of ER located in a close proximity (10-25 nm) to the plasma membrane (46) . STIM1 puncta are formed several seconds before the opening of calcium channels (47) , and one could expect that microtubules are involved in this process. However, our data demonstrate that although microtubule disruption by nocodazole abolished the comet-like movement of STIM1, it had no effect on puncta formation in activated cells. This finding is in line with our observation that the uptake of extracellular Ca 2+ was only partially inhibited in nocodazole-pretreated and thapsigargin-activated BMMCs. This suggests that STIM1 aggregation beneath the plasma membrane and subsequent opening of Ca 2+ release-activated Ca 2+ channels does not require intact microtubules in activated mast cells. Previous studies often reported discordant effects of nocodazole treatment on SOCE or I CRAC , the current most frequently associated with SOCE, in various cell types. Whereas there was no effect of nocodazole treatment observed in NIH 3T3 (48), RBL-1 (15, 39) , and DT40 cells (8) , an inhibitory effect was demonstrated for other cell types, such as RBL-2H3 cells, BMMCs (13) , and HEK 293 (15) . It appears that different factors, including cell type, treatment protocol and the way of Ca 2+ depletion might modify the results of the experiments. It is also possible that microtubules play a supporting role in SOCE signaling by optimizing the location of ER containing STIM1 before cell activation (15) .
Nocodazole treatment, in contrast, effectively suppressed degranulation in BMMCs, suggesting that microtubules have a key role in the intracellular transport of granules. This finding is in accordance with previously published data demonstrating microtubule-dependent movement of secretory vesicles during exocytotic response (16, 17, 20) and studies documenting a dramatic decrease in degranulation, but not in Ca 2+ response in nocodazole treated cells (49) . Our observation that STIM1 puncta are associated with microtubules in protrusions (Fig.  10A) indicates that microtubules might be important for translocation of clustered STIM1 as well. This process could possibly be dependent on the movement of ER components to protrusions via microtubule motor proteins; an important role of kinesin and dynein in the distribution of ER has already been reported (14) .
Compared with quiescent cells or cells with decreased expression of STIM1, the number of growing microtubules at the periphery of activated BMMCL cells is substantially increased. This finding suggests the stabilization of microtubule plus ends. It is known that an important role in stabilization of growing microtubules is to be assigned to the plus end-tracking proteins whose interactions with microtubules are regulated by phosphorylation (10) . Ca 2+ -dependent kinases (e.g., conventional protein kinases C, calcium-calmodulin-dependent kinases) or phosphatases (e.g., PP2B) might participate in the regulation of microtubule stability in activated BMMCs. It has been reported that calcium-dependent activation of Rac (from the RhoA family of small GTPases) depends on the activity of conventional protein kinase C (50). FcεRI stimulation induced in BMMCs the activation of RhoA (17) , which participates in the stabilization of microtubule plus ends through its target mDia (51) . It remains to be determined whether stimulated kinases, small GTPases, or both have a stabilizing role in thapsigargin-treated BMMCs.
Nishida et al. (17) reported that FcεRI stimulation of BMMCs triggered the formation of microtubules and the translocation of granules in a manner independent of Ca 2+ . Alternatively, our results demonstrate Ca 2+ -dependent formation of microtubule protrusions. This discrepancy could be explained by differences in cell activation (the absence or presence of integrin engagement) and unlike methods of preparation of samples for microscopic evaluation, as discussed above. However, it is also possible that the initial stages of microtubule formation and transport of granules along microtubules are independent of Ca 2+ , but later stages of activation and formation of microtubule protrusions depend on sustained influx of Ca 2+ . The presence of aggregated STIM1 in protrusion could help to organize Ca 2+ release-activated Ca 2+ channels (46) and open locally these channels to cause SOCE. These interactions could be modulated by Ca 2+ channel regulators, such as calmodulin (52) and the recently discovered CRACR2A (53) . Our finding that STIM1-deficient BMMCs exhibited defective chemotaxis toward Ag is in line with these interpretations, and it supports previous data on the role of Ca 2+ in chemotaxis (54, 55) . We propose that microtubule protrusions might be involved in sensing external chemotactic gradients of Ag or other signals reaching mast cells at inflammatory sites.
In conclusion, our data indicate that the activation of mast cells leads to microtubule rearrangements and formation of microtubule protrusions. This process is dependent on STIM1-induced SOCE and enhanced levels of free cytoplasmic Ca 2+ concentration, which have an important role in the regulation of microtubule dynamics, degranulation, and chemotactic response. Interference with the microtubular network via STIM1 or other Ca 2+ regulators could potentially open new rational approaches to the treatment of inflammatory and allergic diseases.
